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ABSTRACT
We investigate the evolution in galactic dust mass over cosmic time through i) empirically
derived dust masses using stacked submillimetre fluxes at 850휇m in the COSMOS field, and ii)
dustmasses derived using a robust post-processingmethod on the results from the cosmological
hydrodynamical simulation IllustrisTNG.We effectively perform a ‘self-calibration’ of the dust
mass absorption coefficient by forcing the model and observations to agree at low redshift and
then compare the evolution shown by the observations with that predicted by the model. We
create dust mass functions (DMFs) based on the IllustrisTNG simulations from 0 < 푧 < 0.5
and compare these with previously observed DMFs. We find a lack of evolution in the DMFs
derived from the simulations, in conflict with the rapid evolution seen in empirically derived
estimates of the low redshift DMF. Furthermore, we observe a strong evolution in the observed
mean ratio of dust mass to stellar mass of galaxies over the redshift range 0 < 푧 < 5, whereas
the corresponding dust masses from IllustrisTNG show relatively little evolution, even after
splitting the sample into satellites and centrals. The large discrepancy between the strong
observed evolution and the weak evolution predicted by IllustrisTNG plus post-processing
may be explained by either strong cosmic evolution in the properties of the dust grains or
limitations in the model. In the latter case, the limitation may be connected to previous claims
that the neutral gas content of galaxies does not evolve fast enough in IllustrisTNG.
Keywords: galaxies:evolution – galaxies: ISM – submillimetre:ISM - galaxies: mass function
- dust
1 INTRODUCTION
Despite constituting around only 0.1 per cent of the baryonic content
of a galaxy by mass (e.g. Vlahakis et al. 2005; Dunne et al. 2011;
Clemens et al. 2013; Beeston et al. 2018; Driver et al. 2018), cosmic
dust has a profound effect on our ability to study and understand
the evolution of galaxies. Dust obscures and absorbs the optical
and ultraviolet (UV) light from stars, and re-emits this energy at
far-infrared (FIR) and sub-millimetre (sub-mm) wavelengths. Dust
is thought to have absorbed around half of the starlight ever emitted
in the universe (e.g. Puget et al. 1996; Fixsen et al. 1998; Dole et al.
2006).
Cosmic dust is believed to originate from three main sources:
the stellar winds of evolved low-mass stars, such as asymptotic
giant branch (AGB) stars (e.g. Salpeter 1974; Valiante et al. 2009),
the violent deaths of massive stars (supernovae explosions, e.g.
Dunne et al. 2003b; Morgan & Edmunds 2003; Matsuura et al.
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2011; Gomez et al. 2012; De Looze et al. 2017, 2019; Chawner
et al. 2019, 2020; Cigan et al. 2019), and grain-growth in the ISM
(e.g. Dwek et al. 2007; Draine 2009; Dunne et al. 2011; Asano
et al. 2013; Zhukovska et al. 2016; De Vis et al. 2017a,b). Since
dust is a by-product of star formation, studies examining cosmic
dust allow us to probe the past star-formation history of a galaxy.
Furthermore, since cosmic dust is an important constituent of the
ISM and pervasive throughout it, dust has been found to be useful
as a tracer to estimate the molecular gas content of galaxies, the
fuel for future star formation. The optically thin dust continuum
emission detected at a single sub-mm wavelength can be used as a
tracer of molecular gas (Eales et al. 2012; Scoville et al. 2014, 2016,
2017; Tacconi et al. 2018; Millard et al. 2020).
To enable studies of the gas and dust content of galaxies over
much of cosmic history, astronomers have conducted sub-mm sur-
veys of the sky. For example, theHerschel SpaceObservatory (here-
after Herschel, Pilbratt et al. 2010) was used in large-scale FIR
surveys covering well-studied areas of sky (e.g. H-ATLAS, Eales
et al. 2010), and the Submillimetre Common-User Bolometer Ar-
ray 2 (SCUBA-2) on the James Clerk Maxwell Telescope (JCMT,
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Holland et al. 2013) has recently been used to study the COSMOS
field (Scoville et al. 2007) at unprecedented depths at sub-mmwave-
lengths (Simpson et al. 2019). The Atacama LargeMillimetre Array
(ALMA) has also been used to observe the dust continuum of a sig-
nificant number of high-mass galaxies (e.g. Scoville et al. 2017;
Tacconi et al. 2018, and references therein).
Despite several studies illustrating the usefulness of sub-mm
dust emission as a tracer for gas mass (e.g. Béthermin et al. 2015;
Genzel et al. 2015; Scoville et al. 2016, 2017; Tacconi et al. 2018;
Millard et al. 2020), such calculations involve significant assump-
tions. For example, the studies implicitly assume that metallicity
does not evolve with redshift and that the fraction of metals in-
corporated in dust grains is a constant, or equivalently that the
dust-to-gas ratio is constant with time. A more direct measurement
to make with sub-mm data is to measure dust masses, in which the
only assumption is that the properties of dust are constant in space
and time.
One of the fundamental measurements that can be made to de-
scribe the dust content of galaxies, particularly at different cosmic
epochs, is the dust mass function (DMF) which is defined as the
space density of galaxies as a function of dust mass (Beeston et al.
2018). The first measurements of the local DMF were made using
sub-mm observations at 450휇m and 850휇m, using an indirect tech-
nique and were hampered by small number statistics (Dunne et al.
2000; Dunne & Eales 2001; Vlahakis et al. 2005). Early efforts to
probe beyond the local universe (푧 = 1, Eales et al. 2009; 푧 = 2.5,
Dunne et al. 2003a) also suffered from poor statistics and a variety
of other experimental limitations.
The advent of Herschel, with its better sensitivity and faster
mapping speed, led to the first estimates of the DMF with good
statistics. Using sub-mm data at 250휇m on 1867 sources out to
푧 = 0.5, Dunne et al. (2011) found evidence for dramatic evolution
in the dust content of galaxies, with five times more dust observed at
푧 = 0.5 than 푧 = 0 i.e. over the past 5 billion years of cosmic history.
More recently, Beeston et al. (2018) presented an estimate of the
local DMF with the best statistics to-date, using 15,750 galaxies in
the equatorial GAMA fields (Driver et al. 2011) out to a redshift
of 0.1. Driver et al. (2018) later constructed an optically-selected
sample to probe the dust density out to redshifts of 5, finding little
evolution from 0 < 푧 < 0.5, in contrast to Dunne et al. (2011).
Driver et al. (2018) found an increasing dust mass content at higher
redshifts, with dust mass density peaking at 푧 = 1.
Although more detailed observations of the Universe over the
past two decades have led to a deeper understanding of the con-
tent of galaxies, we still lack knowledge of the underlying physics
governing galaxy evolution. This information is difficult to garner
from observations alone. One solution to this problem is the devel-
opment of suites of complex cosmological hydrodynamical simula-
tions. Modern efforts include IllustrisTNG, which evolves a mock
universe from shortly after the Big Bang through to the present
day, including many of the physical processes that drive galaxy
evolution, such as gas radiative mechanisms, star formation in the
dense ISM, stellar population evolution, chemical enrichment, and
feedback and outflows (Marinacci et al. 2018; Naiman et al. 2018;
Nelson et al. 2018a; Pillepich et al. 2018a; Springel et al. 2018).
However, cosmological hydrodynamical simulations such as
IllustrisTNG are tuned to reproduce a selected set of observational
constraints, such as the stellar mass content of galaxies and cos-
mic star formation rate density at 푧 = 0 (Pillepich et al. 2018a).
Therefore, it is vital to test these simulations by comparing their
predictions to properties that they have not been tuned to repro-
duce.
Whilst current simulations, such as IllustrisTNG, do not model
dust (although such models are in preparation e.g. McKinnon et al.
2019), dust properties can be examined using post-processing anal-
ysis (e.g. Schulz et al. 2020; Vogelsberger et al. 2020). A recent
example of this is presented in Baes et al. (2020), who examined
the infrared luminosity functions and dust mass functions for galax-
ies from the EAGLE cosmological simulation (Crain et al. 2015;
Schaye et al. 2015) for 푧 < 1. Synthetic multi-wavelength observa-
tions for EAGLEgalaxieswere generated using the radiative transfer
code SKIRT (Baes et al. 2011; Camps & Baes 2015; Camps et al.
2016, 2018). Dust masses were then estimated by fitting a simple
modified blackbody model to the synthetic luminosities generated
using SKIRT at wavelengths of 160, 250, 350, and 500 휇m. They
found that EAGLE predicted only mild evolution in the DMF out to
푧 = 1, in contrast with the observations of the DMF of Dunne et al.
(2011) but consistent with the milder evolution in the dust density
found by Driver et al. (2018).
In our first study, (Millard et al. 2020, Paper I), we used the
sub-mm emission from dust as a tracer of extra-galactic gas content
over much of the history of the Universe. We estimated the average
molecular gas mass fractions of galaxies in the COSMOS field
using stacked 850휇m fluxes and the gas scaling relations derived
in Scoville et al. (2016, 2017). Stacking combines the fluxes from
similar galaxies whose individual data signals are otherwise buried
beneath noise to allow estimations of average galactic properties.
Information on individual galaxies is lost, but is gained on the
population as a whole. We calculated inverse-variance weighted
average sub-mm fluxes for ∼63,000 binned sources with stellar
masses 9.5 ≤ log10(푀∗/푀) ≤ 12, out to 푧 < 5, extending to
higher redshifts than previous studies, and including more ‘normal’
star-forming galaxies on the Main Sequence (MS, e.g. Daddi et al.
2007; Karim et al. 2011; Whitaker et al. 2012; Madau & Dickinson
2014; Lee et al. 2015).
In this study (Paper II), we instead use the average stacked sub-
mm fluxes from Paper I to examine the evolution of dust mass in
galaxies over cosmic time out to 푧 < 5, which requires only the as-
sumption that the properties of dust are a constant. We compare our
observational results to the evolution of dust mass in galaxies pre-
dicted by IllustrisTNG using a post-processing analysis, to examine
how well modern simulations trace dust. We also calculate the dust
mass functions for IllustrisTNG galaxies, and compare these to the
observations of Dunne et al. (2011) and Beeston et al. (2018).
We use the cosmological parameters from Planck (Planck Col-
laboration et al. 2016) and make use of astropy.cosmology (As-
tropy Collaboration et al. 2013; Price-Whelan et al. 2018) assuming
FlatLambdaCDM and 퐻0 = 67.7km Mpc−1s−1, Ω푚,0 = 0.307, and
Ω푏,0 = 0.0486.
2 DATA
Here, we will briefly summarize the observational data used to
derive average dust properties of physical galaxies over cosmic time,
and also describe the simulations from IllustrisTNG used in this
study. The observational datasets and catalogues used to compare
with the simulations are described in more detail in Millard et al.
(2020).
2.1 S2COSMOS map
The JCMT is equipped with a 10,000 pixel bolometer camera which
operates in the sub-millimetre (sub-mm) regime, specifically at
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wavelengths of 450휇m and 850휇m. This camera, SCUBA-2 (Hol-
land et al. 2013), was recently used to produced the deepest and
most sensitive 850휇m map of the COSMOS field (Scoville et al.
2007), as part of the SCUBA-2 COSMOS (S2COSMOS; Simp-
son et al. 2019) survey. The map combines archival data from the
SCUBA-2 Cosmology Legacy Survey (S2CLS, Geach et al. 2017;
Michałowski et al. 2017), and new data from S2COSMOS, result-
ing in a complete and homogeneous map of the COSMOS field at
850휇m.
Instrumental noise dominates over confusion noise in the
S2COSMOS survey; the median instrumental noise in the central
1.6deg2 of the 850휇mmap is 휎850휇m = 1.2mJy beam−1. Additional
coverage of 1deg2 has a median instrumental noise level of 휎850휇m
= 1.7mJy beam−1 (Simpson et al. 2019). In this work, we use the
match-filtered map, which is more sensitive to point source emis-
sion. For further details of the maps produced in the S2COSMOS
survey, we refer the reader to Simpson et al. (2019).
We derive the dust masses of galaxies in the S2COSMOS field
by stacking on the 850휇m map (Millard et al. 2020). As such, we
require a source catalogue to provide the locations of COSMOS
galaxies, which we briefly discuss in the next section.
2.2 Astrophysical source catalogues
The COSMOS field is one of the most extensively studied areas of
sky, with observations spanning almost the entire electromagnetic
spectrum. As such, comprehensive photometric catalogues of the
region have been created, and several spectral energy distribution
(SED) fitting routines have been usedwith such data sets to constrain
the physical properties of galaxies. In this work, we make use of the
source catalogue presented in Driver et al. (2018), wherein physical
parameters of galaxies were estimated using the SED fitting routine
magphys (da Cunha et al. 2008). We also use the COSMOS2015
catalogue from Laigle et al. (2016).
2.2.1 magphys catalogue
magphys (da Cunha et al. 2008) produces probabilistic estimates
of the physical properties of galaxies by using a 휒2 minimiza-
tion techique to fit pre-determined libraries of physically motivated
model SEDs to panchromatic photometry data. Examples of the pos-
sible physical parameters returned include stellar mass estimates
and star formation histories. The model SEDs of magphys cover
galactic emission from the UltraViolet (UV) through to the Far-
Infared (FIR). Stellar emission is modelled using synthetic spectra
from Bruzual & Charlot 2003, assuming a Chabrier 2003 stellar
initial mass function (IMF). This starlight can then be attenuated
by dust present within the galaxy; either in spherically symmetric
birth clouds, wherein lies a ‘warm’ dust component with tempera-
ture 30-60K, or in the ambient interstellar medium (ISM), where
the ‘cold’ dust component is assumed to have a temperature of 15-
25K (Charlot & Fall 2000). magphys employs an energy balance
between the Ultraviolet-to-Near-Infrared (UV-NIR) and the Mid-
Infrared-to-Far-Infrared (MIR-FIR) model components - the stellar
emission attenuated by dust must be re-emitted in the FIR.
In this work, we use themagphys catalogue (MagPhysG10v05)
of Driver et al. 2018, which is based on the 22-band panchro-
matic photometry catalogue of Andrews et al. 2017 and contains
173,399 sources. The photometric catalogue used with magphys
(G10CosmosLAMBDARCatv06) is 푖-band < 25 mag limited (Driver
et al. 2018). As stated in Andrews et al. (2017), the source cata-
logue is complete for objects with 푖-band < 24.5 mag and partially
complete to 푖 < 25 mag.
Redshifts for the magphys catalogue are sourced from Davies
et al. (2015), who performed an independent extraction of spec-
troscopic redshifts from the zCOSMOS-Bright sample (Lilly et al.
2007) and combined these redshifts with archival spectroscopic
redshifts from the PRIMUS, VVDS and SDSS (Cool et al. 2013;
Le Fèvre et al. 2013; Ahn et al. 2014) surveys. If spectroscopic
redshifts were not available, sources were assigned photometric
redshifts from COSMOS2015 (Laigle et al. 2016).
2.2.2 COSMOS2015 catalogue
The COSMOS2015 catalogue from Laigle et al. (2016) contains
half a million NIR selected objects with photometry from the X-
ray range, through to the radio. In the deepest 퐾푠-band regions,
for stellar masses >1010푀 , the catalogue is 90% complete out to
푧=4. Where possible, sources in the catalogue have spectroscopic
redshifts; otherwise photometric redshifts (휎Δ푧/(1+푧) = 0.007 for
푧 < 3, and 휎Δ푧/(1+푧) = 0.021 for 3 < 푧 < 6) are assumed.
2.2.3 Final astrophysical source catalogue
Andrews et al. (2017) advise that sources in their catalogue
without matches in COSMOS2015 (Laigle et al. 2016) should
be treated with caution. We cross-match the MagPhysG10v05
catalogue (Driver et al. 2018) to the publicly available COS-
MOS2015 catalogue (Laigle et al. 2016) on RA and Dec, to en-
sure catalogue completeness, and to extend the wavelengths for
which photometric measurements are available. The cross-matched
magphys-COSMOS2015 catalogue covers the central 1 deg2 of the
S2COSMOS map, where instrumental noise is lowest.
Emission fromActive Galactic Nuclei (AGN) can contaminate
measurements of galactic emission, particularly in the infrared, and
subsequently systematically impact estimates of physical parame-
ters like stellar masses and star-formation rates (Ciesla et al. 2015).
Since disentangling galactic emission from that originating from
AGN is non-trivial, we choose to remove AGN from the cross-
matched magphys-COSMOS2015 catalogue. We identify AGN us-
ing IR, radio and X-ray data, and also remove sources withmagphys
stellar masses greater than 1012푀 . A full description of this pro-
cess is available in Millard et al. (2020).
In this work, we limit ourselves to considering galaxies in the
magphys-COSMOS2015 catalogue with log10 (푀∗/푀) ≥ 9.5. In
total, our final magphys-COSMOS2015 astrophysical source cata-
logue, without AGN, consists of 63,658 galaxies, of which 13,955
have reliable spectroscopic redshifts1. We note that the magphys-
COSMOS catalogue provides the RA, Dec, 푀∗ and 푧 for our ob-
served galaxies. We do not use the magphys dust masses in this
work.
2.3 IllustrisTNG
IllustrisTNG is a suite of state-of-the-art hydrodynamical cosmolog-
ical simulations designed to illuminate the underlying physical pro-
cesses that drive galaxy formation (Marinacci et al. 2018; Naiman
1 For consistency the redshifts used in this study are from Driver et al.
(2018), since these are the redshifts used in producing themagphys estimates
of the stellar masses.
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et al. 2018; Nelson et al. 2018a; Pillepich et al. 2018a; Springel et al.
2018). The simulations model both baryons and dark matter, and
encode many physical processes, such as stellar evolution, galactic
winds, and chemical enrichment schemes (Weinberger et al. 2017;
Pillepich et al. 2018a; Pillepich et al. 2018b), to try and create
realistic representations of the universe from the Big Bang until
the present day. IllustrisTNG utilises the moving mesh code arepo
(Springel 2010) to model the evolution of galaxies over cosmic
time. Galaxies and halos are identified using the subfind algorithm
(Davis et al. 1985; Springel et al. 2001; Dolag et al. 2009). The
updated galaxy formation model used in IllustrisTNG is based on
the one originally presented in the Illustris simulation (Vogelsberger
et al. 2013, 2014a,b; Genel et al. 2014; Torrey et al. 2014; Sijacki
et al. 2015). The Illustris TNG simulations follow the cosmology of
the Planck Collaboration et al. (2016).
The simulations are run under three different resolutions - in
thiswork,we focus onTNG100,with a box side length of 106.5Mpc.
We consider snapshots from the present day, out to 푧=5, such that
we explore a similar redshift range compared to our observational
data. Of particular interest to this study are the predictions for the
evolution of the neutral gas andmetallicity (e.g. Nelson et al. 2018b;
Pillepich et al. 2018a; Diemer et al. 2018; Diemer et al. 2019).
2.3.1 Simulated galaxies from TNG100
In TNG100, there are a few objects that may be artifacts (Nelson
et al. 2019). From our sample, we therefore remove galaxies with
zero neutral gas and no metals (these are mostly satellite galaxies
that have presumably undergone excessive stripping through galaxy-
galaxy interactions; see Diemer et al. 2019).
When comparing to data from the literature, we impose a lower
stellar mass limit of 200 times the baryonic mass resolution of the
simulation (200푚푏 ; 푚푏 = 1.4 × 106푀) to avoid galaxies that
may be poorly resolved in the simulations and therefore not reliably
modelled (Shen et al. 2020). In other words, we perform a stellar
mass selection on IllustrisTNG galaxies, without considering other
galactic baryonic mass components e.g. gas mass. When comparing
to only our stacking data, we consider only TNG100 galaxies with
stellar masses within the bounds imposed by the astrophysical data
i.e. 9.5 ≤ log(푀∗/푀) ≤ 12.
In this study, we use parameter values for a galaxy that are
calculated for particles and cells within two stellar half-mass radii
(2푟0.5). However, to ensure the robustness of our conclusions and
to check that our choice of TNG100 dataset does not influence
our conclusions, we also perform the same calculations (re-running
all results) but for parameter values calculated using all particles
gravitationally bound to the galaxy. We do not discuss these results
in the paper, other than to say we find that using parameter values
calculated for all particles and cells gravitationally bound to a source
does not change our conclusions. Table 1 illustrates the number of
TNG100 galaxies considered at each redshift, for the 2푟0.5 dataset.
2.4 Stellar mass distributions
Before we compare dust masses for the observational and simulated
data, we perform a quick check and examine the normalised stellar
mass distributions of galaxies in the two datasets. We bin the galax-
ies in the observationalmagphys-COSMOS catalogue into the same
redshift bins as the IllustrisTNG snapshots (Figure A1 and Table 1).
We see that broadly, the stellar mass distributions are similar. We
can be confident that the observed and simulated galaxies represent
similar galactic populations.
Table 1. Number of TNG100 galaxies considered at each redshift, after
removal of un-physical galaxies and resolution mass cuts to 200푚푏 (Nfilt),
and after additional mass-cuts to allow for comparison with our observations
obtained from stacking galaxies in the S2COSMOS field (Nfilt,obs) (see
Sections 2.2 and 2.3).
Snapshot 푧 2푟0.5
푁filt 푁filt,obs
17 5 3185 300
21 4 7394 996
25 3 14338 2631
33 2 22902 5531
40 1.5 26270 7227
50 1 27456 8680
59 0.7 27442 9350
72 0.4 26734 9563
78 0.3 26393 9513
84 0.2 26168 9462
91 0.1 25660 9298
99 0 25254 9252
3 DUST MASSES
3.1 Empirical dust masses from stacking on S2COSMOS
850휇m map
Typically, the 850휇memission from individual galaxies is below the
noise level of the S2COSMOS map (Simpson et al. 2019). There-
fore, in Paper I, we studied the 850휇m emission of galaxies in the
COSMOS field in a statistical manner - we binned galaxies by red-
shift and stellar mass to create sub-populations of these sources,
and used well-established inverse-variance weighted (IVW) stack-
ing methodologies to estimate mean sub-mm fluxes for sources in
each bin. Although this does mean that we lose information on in-
dividual galaxies, we gain information on each sub-population as a
whole. We estimated 850휇m stacked flux errors using Monte Carlo
(MC) simulations on the location of galaxieswithin the S2COSMOS
map. See Millard et al. (2020) for full details.
For sub-mm emission measured on the Rayleigh-Jeans tail of
dust emission, dust masses, 푀푑 , can be estimated using:
푀푑 =
< 푆휈표 > 퐷
2
퐿
휅휆푒퐵휈푒 (푇푑) (1 + 푧)
(1)
where < 푆휈표 > is the average stacked flux for galaxies in a given
(푀∗−푧) bin,measured at thewavelength of observation (in this case,
850휇m), 퐷퐿 is the luminosity distance of the source2, 휅휆푒 is the
assumed dust mass absorption coefficient scaled to the rest-frame
emission wavelength, 퐵휈푒 (푇푑) is the Planck function calculated at
the rest-frame emission frequency for an assumed dust temperature,
푇푑 , and 푧 is the middle of the redshift bin under consideration (e.g.
Dunne et al. 2003a).
The value 휅휆푒 is notoriously uncertain. Indeed, a recent study
by Clark et al. (2016) showed that estimates of 휅500 in the litera-
ture span over 3.5 orders of magnitude. We have used the freedom
produced by this uncertainty to choose a value of 휅500 that gives
as good agreement as possible between the observed low-redshift
DMFs (from Dunne et al. 2011 and Beeston et al. 2018) and the
one predicted by IllustrisTNG (Section 4.1). Rather than a formal
fit, given the uncertainties and small differences in the shape of
the predicted and observed 푧 = 0 DMFs, we determined 휅500 by
2 In this work, we make use of the Python package astropy.cosmology,
assuming Planck15 cosmology, to calculate the luminosity distance using
the centre of the redshift bin for the sub-population in question.
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performing a rough fit by eye to the high-mass end of the 푧 = 0
DMFs. In particular, we ensured a good fit with the 푧 < 0.1 DMF
from Dunne et al. (2011). By performing this ‘self-calibration’ of
휅500 at low redshift, we are still able to test whether IllustrisTNG
predicts the correct shape of the low-redshift DMF and whether it
predicts the cosmic evolution seen in the observations. We assume
휅500 = 0.14 m2kg−1, which is close to that found by James et al.
(2002) and roughly around the middle of the range of values given
by Clark et al. (2016). Note that we scale any dust masses taken
from the literature to our chosen 휅500 values. We scale the dust
mass emissivity coefficient to the rest frame emission wavelength
using:
휅휆푒 = 휅500
(
휆500
휆푒
)훽
(2)
where 훽 is the dust emissivity spectral index. We assume 훽 = 1.8
(Planck Collaboration et al. 2016), consistent with our previous
stacking work and other studies upon which this work was based
(see Millard et al. 2020 for details; see also Scoville et al. 2016;
Scoville et al. 2017). Once again, for our stacked data from the
S2COSMOS field, the rest frame emission wavelength is estimated
by using the middle of the redshift bin currently being investigated.
By scaling the dust mass emissivity coefficient to the wavelength of
emission in the rest frame, we implicitly assume that the properties
of dust grains themselves are constant throughout the universe. We
assume a mass-weighted dust temperature of 25K, as in Millard
et al. (2020) (see also Scoville et al. 2016; Scoville et al. 2017).
We note that our method for calculating dust masses is simple,
only depends on a few parameters, and does not have the black-box
complexity of spectral energy distribution-fitting methods such as
magphys. We discuss the impact of our assumptions on the values
for 훽, 휅500 and mass-weight dust temperature in Section 5.1.
3.2 Dust masses from IllustrisTNG
Dust masses are not one of the physical parameters explicitly calcu-
lated for galaxies in IllustrisTNG. Therefore, we have to calculate
them in post-processing. We calculate dust masses, 푀푑,TNG, on a
cell-by-cell basis, summing over all cells within two stellar half-
mass radii of a given galaxy:
푀푑,TNG = 휀푑
(
푁2푟∑
푖=1
푓퐻,neutral,푖
푓퐻,푖
푀gas,푖 푍푖
)
(3)
where 푀gas,푖 is the mass of gas in a given cell, 푍푖 is the metallicity
of the gas in the cell, 푓퐻,neutral,i is the fraction of gas in the cell
that is neutral hydrogen (atomic or molecular hydrogen; HI or H2),
푓퐻,푖 is the fraction of all the gas in a cell that is hydrogen and 푁2푟
is the number of cells within two stellar half-mass radii for a given
source. 휖푑 is the fraction of metals in a galaxy’s ISM that are locked
up in dust, a free parameter. We justify our choice of 휀푑 at the end
of this Section.
In IllustrisTNG, the neutral gas fraction is calculated using two
different prescriptions, depending on whether cells are classified
as star-forming or not. For cells below the star formation threshold
density, the neutral gas fraction is calculated self-consistently within
the simulations (Vogelsberger et al. 2013). The combination of the
cooling rate (from primordial hydrogen and helium cooling, metal-
line cooling and inverse Compton cooling off CMB photons), the
photoionisation rate (from the ultraviolet background; UVB) and
gas self-shielding provide an overall UVB photoionization rate,
which is used with cloudy look-up tables (Ferland et al. 1998) to
calculate the neutral gas fraction. However, for star-forming cells
where the gas density is higher, these approximations break down;
the neutral gas fraction is not calculated self-consistently within the
simulations (Springel & Hernquist 2003). For these cells, the model
splits gas into a hot and cold phase, where the cold phase is assumed
to be entirely neutral gas. The fraction of neutral hydrogen in star-
forming cells is then estimated based on the density fraction of cold
gas clouds, with a typical fraction between 0.9 and 1 (Springel &
Hernquist 2003).
3.2.1 A constant dust-to-metal ratio?
The most direct estimates for the dust-to-metal ratio, 휖푑 , come from
using UV spectroscopic observations of stars to measure the metal
abundances within stars and in the ISM, the difference between
the two being attributed to the metals depleted from the interstellar
gas and locked up in dust grains (James et al. 2002). Clark et al.
(2016) list 12 different estimates of 휖푑 , which have a mean value of
0.5 and a standard deviation of 0.1. Most of these measurements,
however, are ultimately based on depletion measurements in the
Milky Way or rely on theoretical models of dust grains. The only
other galaxies for which depletion measurements have been made
using UV spectroscopy of stars are the Magellanic Clouds (Roman-
Duval et al. 2019), which have much lower stellar masses than
the galaxies in our COSMOS sample. The depletion measurements
imply that 휖푑 in these galaxies is lower than in the Milky Way, by
a factor of 1.5 for the LMC and a factor of 4 for the SMC. In an
alternative approach to this question, Rémy-Ruyer et al. (2014) and
De Vis et al. (2017b, 2019), in studies of large samples of nearby
galaxies, find a linear relationship between dust-to-gas ratio and
metallicity for galaxies with 12+ log(O/H) > 8.0. The former work
implies a constant value of 휖푑 of ∼0.3 and the latter implies ∼0.2
for evolved galaxies3, suggesting that only the lowest mass, lowest
metallicity galaxies would likely deviate from this constant value
locally. Both studies observed a broken power law where the dust-
to-metals ratio starts to vary with metallicity below a ‘transition’
value of 12+ log(O/H) ∼ 8. An illustrative comparison of the dust-
to-metals ratio observed in the local Universe is shown in Figure 1,
including predictions from the chemical evolution models of De Vis
et al. (2017b).
It is not immediately clear what values of 휖푑 are appropriate
at high redshifts, where high stellar mass galaxies are at an earlier
stage of their evolution and therefore may have lower metallicities.
However, De Vis et al. (2019) found galaxies in the local DustPedia
survey with high dust-to-metal ratios (0.2−0.5) even at early evolu-
tionary stages (defined as galaxies with high gas fractions). For the
highest gas fractions in their sample ( 푓gas > 0.8), they began to see
dust-to-metal ratios as low as 0.04. Observations at high redshifts
include gamma-ray bursts and damped Lyman alpha systems (De
Cia et al. 2013; Zafar & Watson 2013) where the observed values
of 휖푑 for high-metallicity galaxies is similar to that for the Milky
Way (see also Yajima et al. 2014). De Cia et al. (2013) suggest that
휖푑 could be lower for very low-metallicity galaxies. Similarly, no
obvious trend with redshift was seen by Wiseman et al. (2017), but
3 We note that these quoted values for 휖푑 were calculated assuming a
different dust mass emissivity coefficient compared to this study. Scaling to
the same 휅휆 as used in this work results in a dust-to-metal ratio ∼20 and
∼30 percent higher than quoted in the original studies, thus reducing any
perceived difference between the absolute values of quoted 휖푑 here and in
previous works.
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Figure 1. The dust-to-metal ratio for the local Universe and our samples.
In the top two panels, we show the distribution of the metallicities of Illus-
trisTNG galaxies for the two sub-samples we use in this work. The vertical
lines indicate the transition metallicity from Rémy-Ruyer et al. (2014) (grey)
and from Lagos et al. (2019) (orange). In the bottom panel, we show local
galaxy samples DustPedia (De Vis et al. 2019), the gas-selected HSS sample
(De Vis et al. 2017a,b), the revised parameters for the Dwarf Galaxy Sample
(DGS, Madden et al. 2013) from De Vis et al. (2017b) and theHerschelRef-
erence Survey (HRS, Boselli et al. 2010). Following De Vis et al. (2019), the
metal mass 푀푍 is defined as 푀푍 = (푍 ×푀gas) +푀dust where the fraction
of metals in the ISM by mass 푍 is defined as 푍 = 27.67× 1012+log(O/H)−12
where the solar value of 12+ log(O/H) is 8.69. Following IllustrisTNG, we
use a Solar value of 푍 = 0.0127 (Wiersma et al. 2009). A broken power-law
relationship with 푍 from Rémy-Ruyer et al. (2014) (their Table 1, using the
Milky-Way CO−H2 conversion factor) is shown as the dot-dashed line. Pre-
dictions of the evolution of dust-to-metal ratios are illustrated by the models
from De Vis et al. (2017b) (solid lines). Coloured circles show the range of
the dust-to-metals predicted as a function of 푧 from Inoue (2003) (I03), with
markers increasing in size and colour-coded by redshift. Square coloured
boxes show the values proposed to match observed UV luminosity functions
from 2 < 푧 < 9 (Vogelsberger et al. 2020) (V20). These are included to
show potential variations in 휖푑 with redshift.
extreme changes in 휖푑 are postulated for galaxies at 푧 > 6 (see Vo-
gelsberger et al. 2020 for more discussion). Li et al. (2019) however
see little evolution in the dust-to-metal ratio from 푧 = 0 to 푧 = 6,
instead showing it is most sensitive to the gas phase metallicity 푍
(though decreasing values are seen at lower stellar masses and high
gas fractions; De Vis et al. 2017b).
For the redshift range used in this work, both the hydro-
simulations fromMcKinnon et al. (2016) and semi-analytical mod-
els of Popping et al. (2019) imply that 휖푑 is different at 푧 = 0 and
푧 = 2. More recently, using the IllustrisTNG simulations we use in
this work, Vogelsberger et al. (2020) required a dust-to-metal ratio
(their 푓푍 parameter) to vary with redshift over the range 2 < 푧 < 8
in order to match observed UV luminosity functions. Their rela-
tionship (휖푑 = 0.9 × (푧/2)−1.92) predicts 휖푑 values of 0.9 - 0.1 for
the redshift range which overlaps with this work (2 < 푧 < 5), see
Figure 1. We note that this 푧 = 2 value is higher than that predicted
by Inoue (2003) (Figure 1) and McKinnon et al. (2016).
Figure 1 compares the distribution of metallicities in the two
sub-samples of the IllustrisTNG simulations used in this work: the
200푚푏 cut used for comparingwith local galaxies (redshifts 0 < 푧 <
0.4), and the COSMOS stellar-mass cut (9.5 ≤ log(푀∗/푀) ≤ 12)
we use for comparison with our stacking data out to redshift 푧 = 5.
To investigate the the impact ofmetallicity on the dust estimates used
in this work, we compare with the broken power-law of Rémy-Ruyer
et al. (2014)which suggest departures froma constant 휖푑 only occurs
at 푍/푍 < 0.2 (푍/푍 < 0.25 for Lagos et al. 2019). For the 200푚푏
low 푧 sample, some galaxies have metallicities equal to, or below,
the Rémy-Ruyer et al. (2014) and Lagos et al. (2019) transition
metallicity, but these are small numbers - 푁 ∼ 12 (푁 ∼ 60) for
Rémy-Ruyer et al. (2014) (Lagos et al. 2019). The majority have
metallicities where a constant dust-to-metal ratio is appropriate. For
the COSMOS sample, very few of our sources are at low enough
metallicities, even at high redshifts. In summary, we show there is
observational evidence that both our local samples of IllustrisTNG
galaxies and high-metallicity systems have a fairly constant value
of 휖푑 over the redshift range appropriate in this work, with a value
similar to that of the the Milky Way. Figure 1 illustrates that a
constant value of 휖푑=0.5, the average value from the meta-analysis
of Clark et al. (2016), is appropriate for the TNG100 sources used
in this study. We will return to this issue in Section 5.
Finally, we note that a similar method was used to derive dust
masses for IllustrisTNG galaxies by Hayward et al. (2020). They
define ISM gas using a temperature-density cut from Torrey et al.
(2012) (summing over all particles within 25kpc of the subhalo
centre) and use this to compute an ISM metal mass, which they
convert to a dust mass using a constant dust-to-metal ratio of 0.4.
4 RESULTS
4.1 Local DMF: IllustrisTNG
Before examining the evolution of dust mass in IllustrisTNG galax-
ies over much of cosmic time, we first investigate the dust content of
IllustrisTNG galaxies in the local universe by calculating the Illus-
trisTNG DMF for 푧 < 0.5. We compare these low redshift DMFs
to ones from the literature - specifically, from Dunne et al. (2011)
and Beeston et al. (2018). Dunne et al. (2011) used a sample of
1867 sources selected at 250휇m from the Science Demonstration
Phase of H-ATLAS (Eales et al. 2010) with reliable Sloan Digi-
tal Sky Survey (SDSS (DR7); Abazajian et al. 2009) counterparts.
Dust masses are estimated by using both a single and multiple tem-
perature modified blackbody models for the SEDs, assuming a 휅푑
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value consistent with that used in magphys. Their sample covers a
redshift range of 0 < 푧 < 0.5. Beeston et al. (2018) uses magphys
to estimate dust and stellar masses for optically selected galaxies
from the three equatorial fields of the Galaxy and Mass Assembly
Catalogue (GAMA;Driver et al. 2011), which are the fields that also
have FIR/sub-mm data from Herschel-ATLAS (Eales et al. 2010).
In total, they consider 15750 sources covering around 145 deg2 of
the sky, at redshifts 푧 < 0.1.
We calculate the IllustrisTNG DMFs over a similar dust mass
range to those in the literature4, and bin our galaxies in stellar
mass bins of 0.1 dex. We scale the DMFs from Dunne et al. (2011)
and Beeston et al. (2018) to the same cosmology as assumed in the
IllustrisTNG simulations, and to 휅500 (Figure 2). Scaling to the 휅500
used in this study increases the dust masses quoted in the literature
studies by a factor of 1.43.
In Figure 2, we see that at high dust masses, beyond the knee
of the DMFs, the 푧 = 0 TNG DMF agrees well with the DMF from
Beeston et al. (2018), and with the 푧 < 0.1 DMF from Dunne et al.
(2011). We note that some of this agreement is by construction
since we calibrated 휅500 by insisting on good agreement between
the observed and theoretical DMF at high dust masses, but the
agreement between the shapes of the DMFs (beyond the knee) is
still significant. At lower dust masses, we find a higher number
density of galaxies for TNG, compared to Beeston et al. (2018).
We attribute the excess number of sources at low dust masses to
galaxies classified as ‘satellites’ in the simulation, which have likely
undergone excessive stripping (Diemer et al. 2019; Stevens et al.
2019), therefore reducing their dust masses as calculated using our
post-processing technique and causing an excess of sources with
low dust masses as compared to observations. We return to this
issue and explore the differences between ‘satellite’ and ‘central’
TNG100 galaxies in Section 5.2. However, the slope of the DMF
at low dust masses seems similar to that found by Beeston et al.
(2018), even if there is an offset in the absolute number density.
The most striking difference between the observational and
theoretical DMFs (Figure 2) is that we do not see the evolution
in the DMF over the redshift range 0 < 푧 < 0.5 that is seen in
the observational data. The TNG DMFs show little evolution up to
푧 = 0.5, which is in stark contrast to the dustmass evolution shown in
the observational data fromDunne et al. (2011). However, it is worth
noting thatDunne et al. (2011) caution that theirDMFs at 푧 > 0.3 are
estimated from galaxies thatmostly only have photometric redshifts.
Even so, the strongest evolution in the DMFs from Dunne et al.
(2011) is at redshifts below this threshold, and this evolution is
clearly not apparent in the TNG100 DMFs.
We now examine the 푧 = 0 (푀∗−푀푑) distribution of TNG100
galaxies and compare this distribution to local observational studies,
as a sanity check that the dust mass estimates for TNG100 galaxies
are consistent with those observed in the local galaxy population
(Section 4.2).
4.2 Dust Mass Estimates at 푧 = 0
We compare the dust masses calculated using the 푧=0 TNG100 data
to dust masses calculated using our stacked S2COSMOS fluxes, and
to dust masses from other studies of the local universe from De Vis
4 Specifically, our lower dustmass limit in Figure 2 is dictated by the average
dust mass of galaxies in the lowest stellar mass bin of Figure 3, to avoid using
dust mass bins which are affected by the sharp stellar mass cut off of 200푚푏
introduced in Section 2.3.1.
et al. (2017a) and Beeston et al. (2018) (Figure 3). De Vis et al.
(2017a) use magphys to estimate dust and stellar masses for 323
galaxies that comprise theHerschel Reference Survey (HRS;Boselli
et al. 2010). The HRS is a stellar-mass selected volume-limited
sample of galaxies in the nearby Universe. Sources have distances
between 15 and 25Mpc, and are 퐾-band selected, to minimise dust
selection effects caused by extinction. The sample contains both
late- and early-type galaxies. A brief description of the data used in
Beeston et al. (2018) can be found in Section 4.1. The dust masses
from De Vis et al. (2017a) and Beeston et al. (2018) are scaled to
휅500. In Figure 3, we bin the TNG100 sources by stellar mass and
calculate the mean and standard error on the mean for galaxies in a
given bin, as long as there are at least 50 sources in the bin.
We see that, broadly, the dust mass estimates from local studies
agree with the 푧 = 0 galaxies from TNG100 (Figure 3). However,
it is worth noting that dust masses for the 퐾-band-selected HRS,
and the average dust mass in each stellar mass bin for the TNG100
simulations (which agree well with each other) are a little higher
compared to the larger, but optically-selected, H-ATLAS sample
from Beeston et al. (2018). The offset between our mean TNG100
values and the mean values for Beeston et al. (2018) is ∼0.2 dex.
The 850 휇m stacked sample from S2COSMOS lies somewhere be-
tween the HRS and Beeston et al. (2018). It may be possible that
the small absolute offsets in average dust masses seen here are en-
hanced by the different selection effects and sampling issues of the
observational studies. In particular, the optically-selected sample
of Beeston et al. (2018) have average dust masses sitting slightly
below the FIR-selected samples of H-ATLAS sources (see their
Figure 10). Conversely, the TNG100 galaxy sample is not subject
to such observational selection effects. The deviation could also be
attributed to the methods used to calculate stellar and dust masses
in the observational studies and the simulation data, which are not
identical. However, qualitatively, the results for the datasets con-
sidered in Figure 3 are reasonably consistent, despite the different
techniques and samples used to estimate physical parameters. We
again remind the reader that the agreement shown in Figure 3 is, in
part, by construction due to the choice of 휅500 (see Section 4.1).
At log10 (푀∗/푀) ∼ 10.5 in Figure 3, there is a distinct popu-
lation of TNG100 galaxies with a lack of dust (grey crosses). Since
these are massive galaxies, low resolution is not likely to be the
cause of such low dust masses. As can be seen in the top-right panel
of Figure 3, these galaxies are devoid of neutral gas. These TNG100
galaxies are ‘quenched’ galaxies that have had their gas supply dis-
rupted due to Active Galactic Nuclei (AGN) feedback mechanisms.
In IllustrisTNG, this stellar mass regime is the threshold at which
kinetic mode feedback from AGN (in the form of black hole driven
winds) becomes a dominant feedback effect (Weinberger et al. 2017,
2018; Terrazas et al. 2020; Zinger et al. 2020).
In Figure 3, at lower stellar masses, there is a spur of galaxies
with high dust masses, which is not seen in the observed samples.
These galaxies also have high metallicities (Figure 3, bottom-right
panel).
Despite some small differences, the galaxies from TNG100
broadly follow the same (푀∗ − 푀푑) distribution that we see in
observations at 푧 = 0, showing that with the exception of the low-
mass end of the IllustrisTNG DMF, our post-processing method
for estimating the dust mass does a good job of predicting the
dust properties of the local galaxy population. Having performed
this low-redshift check, we now investigate whether the discrepancy
between the observed and predicted evolution over the redshift range
0 < 푧 < 0.5 continues to higher redshifts.
MNRAS 000, 1–17 (2020)
8 Jenifer S. Millard et al.
5 6 7 8 9
log10(Md/M¯)
5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
lo
g
10
(Φ
) [
M
pc
−3
 d
ex
−1
]
D+11; z= 0− 0.1
TNG; z= 0− 0.1
D+11; z= 0.1− 0.2
TNG; z= 0.1− 0.2
D+11; z= 0.2− 0.3
TNG; z= 0.2− 0.3
D+11; z= 0.3− 0.4
TNG; z= 0.3− 0.4
D+11; z= 0.4− 0.5
TNG; z= 0.4− 0.5
B+18; z< 0.1
Figure 2. Low redshift DMFs for IllustrisTNG galaxies (stars and dashed lines) and local DMFs from Beeston et al. (2018) (black dash-dot line) and Dunne
et al. (2011) (solid colour lines). The DMF from Beeston et al. (2018) is based on an optically selected sample of 15750 galaxies within the redshift range
0.002 ≤ 푧 ≤ 0.1. The DMFs from Dunne et al. (2011) are based on a 250휇m selected sample of 1867 galaxies with redshifts 푧 < 0.5. The width of the
dot-dashed line represents the error for the Beeston et al. (2018) DMF; the coloured shaded regions show the errors for the Dunne et al. (2011) DMFs. The
colours of the IllustrisTNG DMFs and DMFs from Dunne et al. (2011) are chosen to indicate the same redshift bins. Local observed DMFs are scaled to
IllustrisTNG cosmology with the dust masses scaled to 휅500.
4.3 High Redshift Dust Mass Evolution
After calculating the dust masses for each galaxy in each TNG100
snapshot (see Section 3.2), we bin the galaxies into the same stellar
mass bins used in our stacking analysis. For a given (푀∗− 푧) bin that
has at least ten sources, we calculate the mean of the dust-to-stellar-
mass ratio (푀푑/푀∗). The errors on the calculated dust-to-stellar-
mass ratios are taken to be the standard error on the mean. Since
the TNG100 snapshots are at different redshifts to the redshift bins
used in our stacking analysis, we perform quadratic interpolations
to the resulting TNG100 dust-to-stellar-mass ratios in each stellar
mass bin, to allow a comparison with our stacking data. Here, we
focus on comparisons between the observations and simulations
when considering a constant 휖푑 = 0.5. In Section 5.1, we return to
this comparison and consider the impact of an evolving 휖푑 (푧) with
redshift.
Figure 4 shows a comparison of the model predictions and
observations. The model predicts dramatically less evolution than
the observations (FigureB1 shows just the TNG100 predictionswith
a scale chosen to highlight details of the predicted evolution more
clearly). At low stellar masses both the simulation and observations
agree that the peak value of (푀푑/푀∗) is at 푧 ∼ 3, but TNG100
predicts much less evolution than is seen (Figure 4). It is interesting
to note that the peak in the dust-to-stellar-mass ratio of galaxies is a
little before the peak of the star formation history in the Universe.
At low redshifts, the dust-to-stellar-mass ratios estimated for the
TNG100 galaxies agrees well with the dust-to-stellar-mass ratios
calculated in the stacking analysis for the observed galaxies, in all
stellar mass bins, but we remind the reader that the agreement at
low redshifts is by construction (see Section 4.1).
The simulation and the observations agree that at low redshift
the galaxies with high stellar masses generally contain less dust than
those with lower stellar masses. However, the difference between
the predicted and observed evolution for the high-mass galaxies (>
log(푀∗,bin) ∼ 10.5) is dramatic (Figure 4). The observed evolution
is very large and continues out to the highest redshifts probed by our
sample. In comparison, the simulated galaxies still have very small
amounts of dust at high redshifts. Figure 4 shows that the difference
in dust-to-stellar-mass ratio evolution between the simulated and
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Figure 3. Dust mass versus stellar mass for the TNG100 galaxies at 푧 = 0 and for various low-redshift galaxy samples. The left-hand panel shows the TNG100
galaxies as grey points; the right-hand top panel shows them as crosses with a colour given by each galaxy’s neutral gas mass (see colour bar); and the right-hand
bottom panel shows them as crosses with a colour given by each galaxy’s metallicity (see colour bar). The mean and standard error on the mean for the TNG100
galaxies in a given stellar mass bin are shown by fuchsia crosses. The galaxies in the Herschel Reference Survey are shown as blue stars (De Vis et al. 2017a),
the mean dust masses from the sample of Beeston et al. (2018) as black squares, and the mean dust masses for the galaxies in the low-redshift bins from our
S2COSMOS study as orange circles, with the orange triangle showing an upper limit.
observed data is highest at the highest stellar masses - except for the
highest stellar mass bin, where a lack of galaxies in both datasets
prohibits meaningful conclusions on the evolution of dust-to-stellar-
mass ratio to be drawn.
In the next Section, we explore reasons to explain the conflict-
ing dust mass evolution shown between observations and simula-
tions.
5 DISCUSSION
5.1 Caveats and assumptions
Firstly, we consider the effect of the fundamental assumptions we
have made in this work. Two big assumptions we have made are that
the following parameters are time invariant; i) 휅500, and ii) 푇푑 .
There is no obvious reasonwhywewould expect 휅500 to evolve
with redshift, and we would need 휅500 to have increased by a factor
of ∼5 by 푧 = 3.5 for galaxies with stellar masses log(푀∗,bin) =
10.5 − 10.75 to bring the observations and the simulations into
agreement. We are not aware of any predictions or observations
showing such a large evolutionary effect in the properties of the
dust itself, but we cannot rule this out.
In Equation 1, a higher dust temperature would lead to a lower
calculated dust mass. In this work, it is important to remember that
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Figure 4. Dust-to-stellar mass ratios obtained from the stacked S2COSMOS fluxes (symbols, Millard et al. 2020) and TNG100 galaxies (orange and magenta
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휖푑=0.5 (quadratic interpolation, see Figure B1). The magenta line shows instead the results when a redshift-dependent relation for 휖푑 (푧) is assumed (Inoue
2003 for 푧 < 2 and Vogelsberger et al. 2020 for 푧 ≥ 2). Note the sharp transition at 푧 ∼ 1.7. Solid line: at least 50 TNG100 sources in(푀∗ − 푧) bin. Dashed
line: number of TNG100 sources in (푀∗ − 푧) bin, 푁TNG, between 10 and 50.
the dust temperature assumed in Equation 1 is the mass-weighted
dust temperature, and therefore represents the temperature of the
bulk of the ISM (Millard et al. 2020). As described in Millard
et al. (2020), mass-weighted dust temperature depends on the mean
radiation energy density to the power of ∼1/6 (Scoville et al. 2016),
and so vast differences in the ISMenvironment over the history of the
universe would be required to significantly change the value of 푇푑 .
Thus far, there is little evidence to support such differences. Further,
simulations of 푧 = 2− 6 galaxies by Liang et al. (2019) showed that
the mass-weighted dust temperature of galaxies evolves little over
this redshift range, and that a mass-weighted dust temperature of
25K is a not an unreasonable assumption. One factor to consider
is the increasing temperature of the cosmic microwave background
(CMB) with redshift (da Cunha et al. 2013) which can become non-
negligible at 푧 > 4. Using Equation 10 from da Cunha et al. (2013),
the expected rise in temperature due to the CMB for dust grains
with 푇푑 = 25K at 푧 = 0 would amount to only 0.4K at 푧 = 5.
Figure 5 shows how the observed dust masses change for dis-
crete redshifts depending on the assumed dust temperature. We can
see that even for an extreme increase in the mass-weighted dust
temperature to 35K, the corresponding decrease in the estimated
dust masses is not enough to to reconcile the differences in the
dust-to-stellar-mass ratio at high redshifts as shown in Figure 4.
In Equation 2, we assumed a value of the dust emissivity spec-
tral index, 훽, of 1.8, robustly determined by Galactic ISM studies
using sub-mm/mm emission from Planck (Planck Collaboration
et al. 2016). This is also in agreement with a long-wavelength study
of 29 Submillimetre Galaxies (SMGs; rapidly star-forming, highly
dust-obscured massive galaxies typically found at 푧 ∼ 2 − 4) at
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Figure 5. The variation of dust mass with assumed mass-weighted dust
temperature for discrete redshifts. Vertical dashed line: the mass-weighted
dust temperature assumed in this study (25K). Horizontal dotted line: 50
per cent reduction in dust mass.
푧 ∼ 2.7 by Chapin et al. (2009), who find an average 훽=1.75. Since
the observational dust masses are inversely proportional to 휅휆푒 , the
choice of 훽 directly impacts the resulting dust masses (Equation 1).
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Observational studies on extragalactic scales find values of 훽 =
1-2 (e.g. Hildebrand 1983; Dunne&Eales 2001; Chapin et al. 2009;
Clements et al. 2010). Although these studies typically converge
towards the idea that a value of 훽 towards the upper end of this range
is appropriate for dust in galaxies, it is worth examining the impact
the choice of a lower 훽 would have on the calculated observational
dust masses. Therefore, as an example, we consider the impact on
our resulting dust masses had we chosen a significantly lower value
of 훽 = 1.3.
Figure 6 shows the variation in observational dust mass with
redshift for our assumed value of 훽 = 1.8 and our test value of
훽 = 1.3. For 푧 . 0.7, we see that a lower value of 훽 would lead to
lower dustmasses compared to dustmasses estimated using 훽 = 1.8.
However, beyond this redshift, we see that a lower value of 훽 would
lead to higher dust mass estimates, only exacerbating the difference
between observations and the model seen in Figure 4.
An important assumption that we have made in estimating
the dust masses for TNG100 galaxies is that the fraction of metals
locked up in dust grains, 휖푑 , has a constant value, (Section 3.2.1).
By setting its value to 0.5we have left very little room to explain
the discrepancy in Figure 4 by evolution in 휖푑 . Even incorporating
all the metals in a high-redshift galaxy in dust grains would only
increase the value of 휖푑 to one, which would only double the high-
redshift dust masses, much less than the discrepancy in Figure 4.
Such a scenario is not physical since the difference between the
cosmic abundances of elements and the likely chemical composition
of dust grains mean that large proportions of plentiful elements
such as oxygen must remain in the gas phase (Meyer et al. 1998).
However, as a final check, we use the relationship of 휖푑 with 푧 from
Vogelsberger et al. (2020) (valid for 2 ≤ 푧 < 9) and values from
Inoue (2003) for 0 < 푧 < 2 (their Figure 6) and re-run the analysis
in Figure 4. As before, we perform a quadratic interpolation to the
discreet TNG100 results. We note that for the variation of 휖푑 with
redshift, this results in a sharp transition at around 푧 ∼ 1.7 as we
move from the 휖푑 (푧) values of Inoue (2003) used for the 푧 = 1.5
TNG100 file, to the 휖푑 (푧) values of Vogelsberger et al. (2020) used
for the 푧 ≥ 2 TNG100 files.
As shown in Figure 4, this variation in 휖푑 with redshift provides
a moderately better agreement with the observations at intermediate
redshifts (푧 ∼ 2) for the three lowest stellar mass bins, where the
discrepancy between the observations and simulations (assuming a
constant 휖푑) is the least. For stellarmass bins log(푀∗,푏푖푛) = 10.25−
10.75, there is a good agreement between the observations and
simulations at intermediate redshifts when using 휖푑 (푧). However,
this agreement requires a value of 휖푑 (푧 = 2) close to 1, which, as
previously explained, is physically unlikely, and is still not enough
to explain the discrepancy at the highest redshifts (푧 > 2.5). Out to
higher redshifts, and for the higher stellar mass bins, this evolving
휖푑 (푧) does not fix the dichotomy in the evolution.
It is also worth noting that the evolving 휖푑 (푧) leads to worse
agreement between the observations and simulations at low red-
shifts (푧 < 2). The relation from Inoue (2003) gives a 휖푑 (푧) that
decreases with redshift. Therefore, the lack of agreement with a
휖푑 (푧) that decreases with redshift, combined with the agreement
with the high 휖푑 (푧) from Vogelsberger et al. (2020) at intermediate
redshifts and at low stellar masses, possibly indicates a requirement
for an increasing 휖푑 (푧) from 푧 = 0 out to 푧 ∼ 2 − 2.5, where the
star formation rate density of the Universe peaks (Daddi et al. 2007;
Madau&Dickinson 2014). Figure 4 also indicates that any variation
in 휖푑 would need to have some dependence on galactic stellar mass.
However, this is assuming that the COSMOS stacked observations
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Figure 6. The variation of dust mass with redshift for two assumed values
of the dust emissivity spectral index, 훽.
are correct, and assuming that the only parameter that needs to be
changed is 휖푑 .
Another parameter for which 휖푑 could vary is metallcity. To
remove the discrepancy in Figure 4 would require a value greater
than the currently assumed value of 0.5 at higher redshifts. Figure 1
shows that any variation in 휖푑 with metallicity (eg Rémy-Ruyer
et al. 2014) tends to reduce the value below 0.5, locking even less
metals into dust. Therefore an 휖푑 that varies with metallicity cannot
explain the discrepancy.
One place where a change in 휖푑 may be important is in explain-
ing the discrepancy between the observed and predicted low-redshift
DMFs in Figure 2 for the lowest dust mass galaxies. At low dust
masses the TNG100 DMF is higher than the observed DMF. The
galaxies with these low dust masses have lower stellar masses than
the galaxies in our COSMOS sample and are therefore more likely
to resemble the low-metallicity systems for which there is some
evidence that 휖푑 is lower than in the Milky Way (Section 3.2.1).
Lowering 휖푑 by a factor of ∼ 2 would be enough to resolve the
discrepancy in the DMF at low dust mass, in agreement with the
scatter in 휖푑 we see in galaxies in the local Universe (Figure 1).
However, this cannot be responsible for the discrepancy in the evo-
lution observed in the low redshift DMFs (Figure 2), since models
that predict a variation in 휖푑 over 0 < 푧 < 0.5 produces a difference
that is too small to account for the evolution observed in Dunne
et al. (2011). For example, Inoue (2003) find a variation of only a
factor of 2 in 휖푑 over this range (Figure 1).
5.2 IllustrisTNG: Satellites vs. centrals
Previous studies examining the neutral gas content of IllustrisTNG
galaxies at 푧 = 0 have found that environment is an important influ-
encing factor. For example, Stevens et al. (2019) showed that 푧 = 0
TNG100 satellite galaxies are typically a factor of >3 poorer in HI
than a central galaxy of the same stellar mass. In addition, they
showed that the inherent neutral gas fractions of TNG100 satellite
galaxies show a dip at around log(푀∗/푀) ∼ 10.75. They attribute
the lack of gas in satellite galaxies to i) gas lost via AGN feedback
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(satellites are less able to reattain any gas lost due to their lack of
gravitational influence); and ii) stripping and quenching. Further,
Diemer et al. (2019) found a population of TNG100 galaxies, the
vast majority of which are classified as satellites, that were devoid
of gas. These galaxies were found to largely live in crowded envi-
ronments, and so have likely been stripped of their gas by a larger
halo host.
It is therefore not unreasonable to consider that such unusual
gas-poor satellite galaxies may be masking more rapid dust mass
evolution in TNG100 galaxies than is shown by the collective pop-
ulation. To test this, we split our simulated galaxy sample into satel-
lites and centrals5 and separately examine the dust mass evolution
for these two galactic populations (Figures 7 and 8).
Figure 7 shows the DMFs for the satellite and central TNG100
galaxies. Considering first the central galaxies (Figure 7; right), we
can see that the 푧 = 0 TNG100 DMF agrees remarkably well with
the 푧 = 0 DMF from Beeston et al. (2018) at low and high dust
masses, although the knee of the TNG100 DMF sits slightly lower
than the observed dust mass function. This shows that at 푧 = 0, the
dust masses of TNG100 central galaxies are well-modelled by the
simulations plus our post-processing recipe.
Now examining the DMFs of the satellite galaxies (Figure 7;
left), we see that in comparison to observations, TNG100 satellite
galaxies are particularly devoid of dust. This is not unexpected,
considering the lack of neutral gas in satellite galaxies found by
previous studies (e.g. Diemer et al. 2019; Stevens et al. 2019).
A comparison of Figures 2 and 7 shows that the excess num-
ber of low dust mass sources in the total DMF can be attributed to
satellite galaxies with low gas content, probably due to a combina-
tion AGN feedback driving gas out of the gravitational influence of
satellite galaxies, ram-pressure stripping, and quenching (Stevens
et al. 2019).
However, the most striking and important feature of Figure
7 is that splitting the TNG100 galaxies sample into satellite and
centrals does not solve the lack of dust mass evolution over the
redshift range 0 < 푧 < 0.5 in TNG100 galaxies as compared to
observations. Both satellites and central galaxies show a lack of
evolution. This indicates that the lack of dust mass evolution in
TNG100 galaxies can be attributed to global simulation properties,
rather than secondary effects that manifest due to environmental
effects, for example.
Next, we explore the dust mass evolution of satellite and cen-
tral IllustrisTNG galaxies out to high redshifts. Figure 8 shows
the evolution in the dust-to-stellar-mass ratio of TNG100 galaxies
for galaxies with stellar masses log(푀∗/푀) ≥ 9.5. As shown
in Figure 8, the dust-to-stellar-mass ratio evolution of satellite and
central galaxies are largely similar, particularly for stellar masses
log(푀∗/푀) ≤ 11.0. Above this stellar mass limit (i.e. for galaxies
in the three highest stellar mass bins), the dust-to-stellar-mass ratio
evolution of satellite galaxies is a little different to that of centrals
and the combined sample. However, we caution against inferring
too much here, since there are few satellite galaxies in these bins,
and the results suffer from low number statistics.
It is interesting to note that in some stellar mass bins, satellite
galaxies have slightly higher dust-to-stellar-mass ratios compared
to the central galaxies (e.g. log(푀∗,bin) = 10.5 − 10.75). In a given
stellar mass bin, the average stellar mass of satellite galaxies is
slightly lower than the average stellar mass of central galaxies. For
5 According to the Subfind classification
galaxies with a similar dust mass, this therefore acts to marginally
increase the dust-to-stellar-mass ratio for satellite galaxies.
Further, the similarity in the dust-to-stellar-mass ratio evolution
of the two populations with redshift might seem strange when we
consider the difference between the DMFs for satellite and central
galaxies (Figure 7). However, in Figure 8, we are probing the highest
stellar mass systems, and there is little difference between the high
mass ends of the DMFs for the satellite and central galaxies.
Similar to Figure 7, the most striking and important feature of
Figure 8 is that splitting the sample into satellite and central galaxies
does not solve the lack of dust mass evolution over the redshift range
0 < 푧 < 5 in TNG100 galaxies as compared to observations.
We now explore global properties of the IllustrisTNG simu-
lation in an attempt to explain the lack of evolution in the dust
mass of galaxies over cosmic time as compared to observations.
Specifically, in the next sections, we examine metal enrichment pre-
scriptions (Section 5.3), the neutral gas content of galaxies (Section
5.4), and feedback mechanisms (Section 5.5).
5.3 IllustrisTNG metal enrichment prescriptions
As described in Torrey et al. (2019), in the IllustrisTNG simulations,
metals are returned to the ISM by both supernovae explosions and
asymptotic giant-branch (AGB) stars. In the TNG100 simulations
(the data used in this study), individual stars are not resolved; star
particles have masses of 푚∗ ∼ 106푀 , and these star particles
are assumed to encapsulate a Chabrier (2003) initial mass function
IMF (Torrey et al. 2019). At each timestep in the simulation, stellar
lifetime tables (Portinari et al. 1998) determine which stars leave
the main sequence. Upon the death of stars, mass return and metal
yield tables are used to determine the mass of metals returned to
the ISM (Nomoto et al. 1997; Portinari et al. 1998; Kobayashi et al.
2006; Karakas 2010; Doherty et al. 2014; Fishlock et al. 2014). The
returned metal mass is spread over the nearest 64 gas cells.
In IllustrisTNG, galactic winds are probabilistically estimated,
based on local SFRs (Torrey et al. 2019; see Pillepich et al. 2018b
for details). They are assigned a lower metallicity than the ISM of a
galaxy (푍wind = 0.4푍ISM), to encapsulate the dilution of metal-rich
gas by metal-poor gas as the winds drive the metal-rich gas away
from their origin point.
In their investigations into the IllustrisTNG mass-metallicity
relation, Torrey et al. (2019) found that a significant proportion of
the metals of simulated galaxies lie outside of the cool ISM, where
we would expect dust to form. They also found that higher-mass
IllustrisTNG galaxies are less efficient at retaining metals compared
to lower-mass counterparts. We see this reflected in Figure 4, where
the discrepancy between the evolution of dust shown in the observed
and simulated galaxies is greater in the bins with higher stellar
masses. Therefore, one possible explanation of the low dust masses
in the model is that TNG100 ejects too many metals from the cool
ISM.
5.4 IllustrisTNG gas mass evolution
Since we derive dust masses for IllustrisTNG galaxies using the
neutral gas mass, the lack of evolution in the dust masses might
stem from a lack of evolution in the mass of the cool ISM.
Several studies have compared the cold gas mass content of Il-
lustrisTNG galaxies with observations of the local universe. Stevens
et al. (2019) found that the neutral gas fractions of TNG100 galax-
ies at 푧 = 0 agree well with observations, although the most mas-
sive central galaxies (푀∗ > 1010.7푀) are somewhat too gas rich,
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and the gas content of satellite galaxies sharply dips at masses
푀∗ ∼ 1010.5푀 . Similarly, Diemer et al. (2019) showed that the HI
and H2 mass fractions (푀HI+H2/푀∗) of TNG100 galaxies at 푧 = 0
largely agree with observations, with some discrepancies in the H2
mass fraction for the most massive galaxies (푀∗ > 2 × 1010푀),
which they found to be at least a factor of 4 lower compared to ob-
servations. However, Diemer et al. (2019) also found that the 푧 = 0
TNG100 HI and H2 mass functions largely agree with observations.
This result is echoed in Davé et al. (2020), although they do note
that the HI and H2 mass functions of TNG100 are slightly too high
at the high gas mass end.
It is worth noting that in the aforementioned studies (Davé
et al. 2020; Diemer et al. 2019; Stevens et al. 2019), comparisons
to observational data are not straight-forward - measuring the neu-
tral gas content of galaxies accurately is notoriously difficult. For
example, the CO-to-H2 conversion factor, used to estimate the mass
of molecular gas from observations of the CO line, is uncertain and
varies from galaxy type to galaxy type (e.g. Bolatto et al. 2013;
Béthermin et al. 2015; Genzel et al. 2015; Scoville et al. 2016; Pop-
ping et al. 2019), and galaxies can contain CO-dark molecular gas
(Bolatto et al. 2013). When considering these observational limita-
tions, these studies have shown that in the local universe, the neutral
gas content of IllustrisTNG galaxies agrees well with observations.
Accurately measuring the gas content of galaxies at high red-
shifts is even more difficult. For example, although 21cm radio
emission is efficient at detecting HI gas in galaxies at 푧 = 0, it is
currently hard to detect 21cm radiation at 푧 >∼ 0.2 (Catinella et al.
2010). Typically beyond the local universe, gas mass estimates are
limited to molecular gas estimates, usually derived using CO as
a tracer (e.g. Solomon & Vanden Bout 2005; Coppin et al. 2009;
Tacconi et al. 2010; Casey et al. 2011; Bothwell et al. 2013; Carilli
& Walter 2013; Tacconi et al. 2013; Combes 2018).
Despite these difficulties, there have been several attempts to
compare observations of the evolution in the cool gas in galaxies
with predictions bymodels. Interestingly,Davé et al. 2020 found that
the IllustrisTNG HI mass function shows a negative evolution with
redshift, and that the H2 mass function is mostly unevolving with
redshift (out to 푧 < 2), implying that the gas content of IllustrisTNG
galaxies varies little with redshift. They found that the evolution in
HI and H2 was much weaker than predicted by two other simula-
tions: EAGLE (Davé et al. 2019) and simba (Schaye et al. 2015).
Similar results were found by Diemer et al. (2019), who found a
very weak evolution in the abundance of HI in TNG100 galaxies
between 푧 = 1−4, and a moderate evolution in the abundance of H2
over the redshift range 푧 = 0− 4, with a peak increase of a factor of
2-3 at around 푧 = 2. Recently, Popping et al. (2019) showed that the
H2 masses predicted by TNG100 for galaxies at 푧 > 1 were a factor
of 2-3 lower than observations (when comparing to observations
using a standard CO-to-H2 conversion factor).
All these studies suggest that TNG100 galaxies beyond 푧 ∼ 1
are lacking in neutral gas, and that there is little evolution in the
gas content of the simulated galaxies with redshift. Here, by using
post-processing methods to compare the results of IllustrisTNG
with the evolution of dust in galaxies over cosmic time, we get a
similar result. The lack of evolution in the dust mass in TNG100
compared to observations could therefore be a reflection of the
lack of evolution of the neutral gas content in the simulations that
has been seen previously. In the next Section, we speculate as to
what may be driving the different gas evolution, and therefore dust
evolution, of the IllustrisTNG galaxies.
5.5 IllustrisTNG feedback mechanisms
Whether the lack of evolution in the dust predicted by TNG100 is
entirely linked to the lack of evolution in the gas content (Section
5.4) or whether it is also linked to the ejection of metals, it is clearly
linked to the model ejecting too much material outside a galaxy. It
therefore seems likely to be caused by excessive galaxy outflows or
feedback.
As discussed in Section 4.2, kinetic feedback from AGN in the
form of black hole driven winds becomes the dominant feedback
process over other feedback methods (e.g. stellar feedback) above
galactic stellar masses of log10 (푀∗/푀) ∼ 10.5, particularly at late
times. Kinetic AGN feedback in IllustrisTNG manifests in a two-
fold manner - firstly, it acts to expel star-forming gas from galaxies.
Secondly, at these stellar masses, the AGN feedback increases the
gas cooling time, preventing radiative cooling and future gas accre-
tion (Terrazas et al. 2020; Zinger et al. 2020). As noted in Davé et al.
2020, at earlier epochs, it is the second of these processes, thermal
feedback, which is most important, reducing the amount of cold gas
in high-redshift galaxies. The fact that the disagreement between
the model predictions and the observations is greatest at the high
stellar masses is at least circumstantial evidence that the explanation
of the discrepancy might be too vigorous AGN feedback.
5.5.1 Insights from Illustris
Hayward et al. (2020) have recently investigated whether Illustris
and IllustrisTNG can replicate the numbers of the rare luminous
Submillimetre Galaxies (SMGs), using the star-formation rates pre-
dicted by the simulations and post-processing estimates of the dust
mass. They found that the predicted number counts of SMGs in Illus-
tris was largely comparable with observations, but that IllustrisTNG
notably lacked SMGs. Further investigation led to the revelation that
the identified IllustrisTNG SMGs are particularly dust-poor, with
some SMGs (log(푀∗/푀) ≈ 11) at 푧 ∼ 2 in Illustris having a factor
of three higher dust content than the IllustrisTNGcounterparts. Hay-
ward et al. 2020 ultimately traced this dichotomy to a lack of gas, as
opposed to a lack of metals, in these IllustrisTNG galaxies as com-
pared to Illustris, driven by changes to the feedback model between
Illustris and IllustrisTNG - either stellar feedback outflows, and/or
AGN feedback. The changes to the feedback model were made to
make quenching more efficient and so bring IllustrisTNG galaxies
more inline with the observed 푧 = 0 colour bimodality (Weinberger
et al. 2017, 2018; Nelson et al. 2018a). However, Hayward et al.
(2020) point out that these changes seem to have quenched 푧 ∼ 2−3
galaxies too early, leading to a direct lack of massive dusty galaxies
in IllustrisTNG as compared to observations.
Whilst the results of Hayward et al. (2020) are not directly
comparable to this study due to their specific galactic population
selection, the general idea that changes to feedback in IllustrisTNG
have consequently quenched galaxies too soon or too frequently is
inline with the results of this study. If the inability of IllustrisTNG
plus our post-processing recipe to match the strong evolution in the
dust masses is not caused by cosmic evolution in the properties of
the dust grains themselves, it seems most likely that is caused by a
lack of cool gas in the high-redshift TNG galaxies, possibly caused
by over-enthusiastic AGN feedback.
5.6 Comparison with EAGLE
Recently, Baes et al. (2020) derived DMFs out to 푧 = 1 for galaxies
from the EAGLE simulation. Dust masses were estimated using
MNRAS 000, 1–17 (2020)
IllustrisTNG and S2COSMOS: possible conflicts in the evolution of neutral gas and dust 15
modified blackbody fits to synthetic infrared luminosities at FIR
wavelengths (160휇m, 250, 350 and 500휇m) generated using a post-
processing 3D radiative transfer procedure (Baes et al. 2011; Camps
& Baes 2015; Camps et al. 2016, 2018). Similarly to the results
of this study, in the local universe (푧 < 0.1), Baes et al. (2020)
found that they could reproduce the shape and normalization of the
DMF fairly well, getting very good agreement with the DMFs found
by Dunne et al. (2011) and Beeston et al. (2018) for dust masses
푀푑 < 2× 107푀 but predicting too few galaxies at higher masses.
When examining the evolution of the EAGLEDMFup to 푧 = 1,
Baes et al. (2020) found only a mild evolution in the characteristic
mass of the modified schechter functions fitted to the DMFs, and
very little evidence for density evolution. They did, however, find a
fairly good agreement with the weak evolution in the cosmic dust
mass density found by Driver et al. (2018) for this redshift range.
It is interesting that both the EAGLE and IllustrisTNG simu-
lations show a similar lack of evolution in the DMF as compared to
observations, despite two different methods to estimate dust masses
in post-processing, which shows that cosmological hydrodynamical
simulations are still limited in their ability to reproduce the strong
evolution seen in the global properties of dust in galaxies.
6 CONCLUSIONS
In this work, we have compared the observed evolution of the dust
in galaxies with the predictions from a model. As our observations,
we used previous estimates of the dust-mass function (DMF) over
the redshift range 0 < 푧 < 0.5 and our own estimates of the mean
ratio of dust mass to stellar mass over the redshift range 0 < 푧 < 5.
We made our predictions using the cosmological hydrodynamical
simulation IllustrisTNG (TNG100), using a simple post-processing
recipe in which half the metals in the cool ISM are locked up in dust
grains.
• We created ‘local’ DMFs based on galactic dust mass esti-
mates for TNG100 galaxies out to 푧 = 0.5, and compared these to
previously observed DMFs over the same redshift range. We find
the DMFs from TNG100 show little evolution, which is in stark
contrast with the strong evolution seen in the empirical DMFs.
• We find that the observed galactic population show a strong
evolution in the dust-to-stellar-mass ratio (푀푑/푀∗) up to 푧 = 5.
For lower stellar mass bins (log(푀∗,bin) < 10.75), we find that the
dust-to-stellar-mass ratio peaks at 푧 = 3−4, but we cannot locate the
peak for the high-mass galaxies because of the lack of high-mass
galaxies at high redshifts. We find that galaxies with a high stellar
mass generally contain less dust than galaxies with a low stellar
mass at the same redshift.
• The model predicts much weaker evolution than the observa-
tions over the redshift range 0 < 푧 < 5. At lower stellar masses
(log(푀∗,bin) < 10.75) the predicted evolution has a similar red-
shift dependence to the observed evolution but that for all stellar
masses the strength of the evolution is much weaker than for the
observations.
• We split our simulated galaxies into two samples, satellites and
centrals, and tested to see if the lack of dust mass evolution observed
in the full sample was biased due to the dust content of one of
these galaxy populations. We found that although satellite galaxies
are typically more dust-poor than their central counterparts, both
satellites and centrals show a similar lack of dust mass evolution
as seen for the collective sample. Splitting the sample into satellite
and central galaxies does not solve the lack of dust mass evolution
over the redshift range 0 < 푧 < 5 in TNG100 galaxies as compared
to observations.
• We find that it is very difficult to bring the observed and model
dust mass evolution into agreement by changes in the assumptions
underpinning our observations. The obvious ways of doing this are:
i) a drastic evolution in the dust-mass opacity coefficient with red-
shift; ii) a non-constant dust-to-metals ratio; iii) an extreme increase
in the mass-weighted dust temperature with redshift; or iv) an ex-
tremely high value of 훽  2. The third and fourth of these are
inconsistent with observations. Therefore the only possible ways,
from the observational side, of making the observations and theory
consistent would be to assume that the properties of the dust itself
change drastically with redshift. This would require the dust-mass
opacity coefficient to be much higher at high redshifts than at low
redshifts. There is no particular reason to think this should happen
but we cannot rule this out. We also show that the results of our
study are robust against changes to our assumption about the frac-
tion of metals bound up in dust grains: varying 휖푑 with metallicity
cannot account for the discrepancy we observe. An 휖푑 that varies
with redshift, however, can reduce, though not eliminate, the dis-
crepancy if i) it increases with redshift ii) is a strong function of
stellar mass and iii) is extremely high (≥ 0.8 would be needed in
the higher redshift bins).
• Although determining the root cause of the discrepancies be-
tween simulations and observations is difficult, we attribute the
differences to one or more of the following in the models: i) exces-
sive galactic winds driving metals out of the cool ISM where we
expect dust to form; ii) a lack of evolution in the neutral gas content
of galaxies with redshift; iii) kinetic feedback from AGN expelling
gas from galaxies.
• We note that a lack of evolution in the dust content of galaxies
as compared to observations is not limited to IllustrisTNG, but has
also been in the 푧 < 1 DMFs calculated for the EAGLE simulation,
despite using a different post-processing technique for estimating
dust masses.
Previous studies of neutral gas (HI+H2) have concluded that the
neutral gas content in IllustrisTNG does not show sufficient evolu-
tion with redshift. However, at high redshifts, H2 and (more so) HI
are hard to measure. It is much easier to measure the dust masses of
high-redshift galaxies than their gas masses. By using IllustrisTNG
with a simple post-processing techniquewe have been able to predict
the dust masses of high-redshift galaxies. We find that the observed
evolution is much stronger than the predicted evolution. If the dis-
crepancy is not produced by cosmic evolution in the properties of
interstellar dust itself, the most likely explanation seems to be that
TNG does not predict strong enough evolution in the neutral gas
content of galaxies.
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Figure A1. Distributions of the stellar masses of galaxies in different redshift bins for TNG100 and magphys-COSMOS sources. TNG100 stellar masses are
calculated using particles and cells within 2푟0.5. Purple: magphys-COSMOS sources used in stacking analysis to determine average dust properties. Orange:
TNG100 galaxies.
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Figure B1. Dust-to-stellar-mass ratios obtained from TNG100 simulations in redshift and stellar mass bins. Circles: at least 50 sources in the (푀∗ − 푧) bin.
Triangles: between 10 and 50 sources in the (푀∗ − 푧) bin. The line is a quadratic interpolation to the data. Note that the scale on the y-axis has been chosen to
make clear the evolution that is predicted by TNG100 and is not the same as the scale used in Figure 4.
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